Background: Trastuzumab is an effective drug for the treatment of Her2-positive breast cancer. But, primary or secondary resistances to trastuzumab have become an important factor influencing the curative effect. The mechanisms of trastuzumab resistance are somewhat complex. The present work aims to explore the mechanism of trastuzumab resistance caused by HER-2 mutation in breast carcinomas. Methods: Firstly, the HER2 wild type (WT) and HER2 mutant (HER2 Q429R, HER2 Q429H and HER2 T798M are the commonest 3 types of mutations) MCF7 cell lines were established. Cell proliferation inhibition was then assessed by the Cell Counting Kit-8 assay and BrdU assay. Transwell invasion assays were also conducted to investigate the metastatic potential influenced by the HER2 mutation. Furthermore, Western blotting and co-immunoprecipitation were conducted to detect protein levels and the physical interaction of HER2 and trastuzumab. Results: The results showed that the mutant MCF7 cells were less sensitive to trastuzumab than the WTMCF7 cells. The mutation of HER2 almost had no influence on the expression of HER2 and the interaction of HER2 and trastuzumab. Finally, the mutation of HER2 weakened the inhibition of trastuzumab in the PI3K/AKT pathways. In addition, the inhibition of PI3K/AKT signaling-pathway increased the trastuzumab-sensitivity of HER2-mutant MCF7 cells. Conclusions: Dysregulation of the PI3K-AKT signaling-pathway was a key mechanism inducing the trastuzumab-resistance to HER2 mutant breast cancer cells.
Introduction
The human epidermal growth factor receptor (ErbB) family of transmembrane RTKs 1 has been demonstrated to play a pivotal role in the occurrence and development of various malignant tumors. 2 Studies have shown that there are a few critical mutations in the tyrosine kinase domain of HER-2 proteins in a variety of cancers including the head and neck cancer, lung cancer and breast cancer. [3] [4] [5] [6] Around 25% of breast cancers have HER2-gene amplifications or protein/mRNA over-expressions. Deregulations of HER2-gene, through over-expressions or gene's amplifications, have been demonstrated of importance in cancer's tumorigenesis or proliferation. The over-expression of HER2 is able to confer stronger responses to specific anti-HER2 therapies for the breast cancer. HER2 oncoprotein is one of the class-1 transmembrane-receptors with tyrosinekinase activities and plays important roles in the oncogenic activations of lots of signaling pathways, like the phosphoinositide 3-kinase (PI3K) pathway and Trastuzumab is a monoclonal antibody that directly targets part of the HER2 tyrosine kinase receptor, which is an effective drug for the treatment of HER2-positive breast cancer. 8 But, primary or secondary resistances to trastuzumab have become a key factor affecting the curative effects. 9 Moreover, most Her-2 positive patients will have resistances to trastuzumab after a period of time of trastuzumab treatments. The mechanisms of trastuzumab resistance are relatively complex. 10 Recently, several studies have demonstrated that PI3K/AKT/mTOR pathway played an important role in the trastuzumab resistance. 7 Through transmitting signal-transduction events in response to extracellular stimulations, the PI3K/AKT/ mTOR pathway plays important roles in the cell physiology, including cell proliferations, growths, survivals, motilities, and metabolisms. 11 The activation of PI3K/Akt signal-pathway has been shown to be an important mechanism of trastuzumab-resistance. 7, 12 Assessments of PI3K-pathway activations may function as one of the key biomarkers to identify patients less likely to respond well to trastuzumab. In the present research, the human breast carcinoma cell line MCF7 was used to establish the HER2 wild type (WT) and HER2 mutant MCF7 cell models, analyzed the characteristics of each kind of cell lines, and deeply investigated the mechanisms controlling the in vitro trastuzumab-resistance in breast cancers. Moreover, we found that the dysregulation of the PI3K-AKT signaling pathway was one of the major mechanisms leading to resistance to trastuzumab in HER2 mutant breast cancer cell line. Our results provide supporting evidence for future investigations combining inhibitors of the PI3-kinase pathway with trastuzumab-based therapy.
Materials and methods

PCR amplification and cloning in T vector
The PCR reaction was performed in 50 μL of the solution containing: 4 μL of oligo mix, 1 μL of dNTP, 2 μL of cDNA, 5 μL of 10X PCR buffer, 0.3 μL Pfu DNA polymerase, 36 μL of distilled water and 1 μL of each of primers. The sequences of the primers used in this study are shown in Table 1 . The second PCR solution containing: 1 μL of PCR product, 5 μL of 10X PCR buffer, 1 μL of dNTP, 1 μL of each of primers, 41 μL of distilled water, 0.3 μL Pfu DNA polymerase. PCR product was cloned into T vector using clonExpress® Entry One Step Cloning Kit (Vazyme Biotech Co., Nanjing, China) and transformed in competent cell (E. coli DH5α, Takara Bio Inc., Otsu, Japan). The analysis of recombinant colony was done by sequencing. Apoptotic cells were identified using an Annexin V/ FITC kit (KGA108, Nanking, China). According to the manufacturer's instructions, cells were then centrifuged once more, and the supernatants were discarded. The cells were resuspended in 200 μL of binding buffer at 37°C for 30 mins in the dark; 2 μL Annexin V-FITC 
Co-immunoprecipitation
The cells were gathered and lysed in RIPA buffer (Beyotime Biotech) in the presence of protease inhibitor (PMSF). The lysates were centrifuged for 15 mins at 13,000×g. After centrifugation, the supernatant was incubated with the indicated antibody and subsequently with A-protein agarose beads at 4°C overnight. Then, each sample was centrifuged at 3,000 rpm at 4°C for 3 mins, and the pellet was washed three times with 1× immunoprecipitation buffer and eluted by boiling in protein sample buffer under reducing conditions. Sample proteins were then separated by 10-12% SDS-PAGE before the proteins were transferred onto PVDF membranes (Millipore). After blocking in 5% skimmed milk for 1 hrs, the membranes were rinsed and probed with 1:1,000-diluted primary antibodies against HER2 (Abcam, Cambridge, MA, USA) overnight at 4°C, followed by horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 hrs at room temperature. Next, the immune-reactive protein bands were visualized using the ECL detection reagents (Beyotime Biotech) and X-ray film. Finally, the blots were scanned, and densitometric analysis was performed on the scanned images using Image J Software.
Statistical analysis
All data were expressed in the form of mean values ± standard error. Comparisons among multiple groups were made with a one-way ANOVA followed by Dunnett's test. P<0.05 was used for statistical significance.
Results
The generation of HER2-mutantbreast cancer cells
Recombinant plasmid was sequenced by dideoxy chain termination method and compared with HER2 gene (3, 768 bp/3,768 bp) by www.ncbi.nlm.nih.gov/blast-showed high homology of 98% (as shown in Figure S1A -C). The comparison of gene sequence in the recombinant plasmid HER2 Q429R, HER2 Q429H, HER2 T798M and Her2 was shown in Figure 1D -F. Flow cytometric analysis of Her2 demonstrated that MCF7 cells and MCF7 cells transfected with control vector showed a low HER2 level, while MCF7 cells in the presence of HER2, HER2 Q429R, HER2 Q429H, HER2 T798M showed a high HER2 level (as shown in Figure 1A ). The HER2 expression was also confirmed by SDS-PAGE/immunoblotting. Consistent with the flow cytometry results, the expression of Her2 in transfected MCF7 cells was detected by SDS-PAGE/immunoblotting with anti-HER2 antibodies. Conversely, there was zero expression of HER2 in MCF7+control vector cells ( Figure 1B ).
HER2 mutant MCF7 cells were resistant to trastuzumab
Trastuzumab undoubtedly provides a major advancement in the treatment of breast cancer alone or in combination with chemotherapy. However, the resistance to trastuzumab is common. 15 Mutant-expressing MCF7 cells were used to investigate the resistance to trastuzumab after the mutation of HER2. Cells were treated with trastuzumab (1 μg/mL) for 4 days. The results showed that compared with the control vector group, MCF7+HER2, MCF7+HER2 Q429R, MCF7 +HER2 Q429H and MCF7+HER2 T798M were less sensitive to the trastuzumab (as shown in Figure 2A ). Moreover, the mutant MCF7 cells were less sensitive to the trastuzumab than the WTMCF7 cells. The BrdU assay was also used to evaluate the anti-proliferative activity of mutant-expressing MCF7 cells. Similarly, WTMCF7 cells were more sensitive to trastuzumab than the mutant MCF7 cells (as shown in Figure 2B and C). These results indicated that the mutations of HER2 played an important part in the resistance to trastuzumab. The effect of the trastuzumab on the apoptosis of mutant-expressing MCF7 cells was then assessed by Annexin V. As shown in Figure 3A and B, following a 24 hrs trastuzumab treatment (1 μg/mL), HER2 WT cells exhibited 3.2±0.45 and 4.0±0.34 fold-changes in the number of Annexin V-positive cells, as compared with the HER2 Q429R and HER2 T798M cells, respectively. Transwell invasion assay was used to explore the metastasis potential of the mutant-expressing MCF7 cells. As shown in Figure 3C and D, following a treatment with trastuzumab (1 μg/mL), HER2 WT cells showed a reduced invaded cell number, while the HER2 Q429R and HER2 T798M cells exhibited resistance in the trastuzumab-treated invasion.
The mutation of HER2 almost had no influence on the expression of HER2 and the interaction of HER2 and trastuzumab To identify the difference of the expression of HER2 in the mutant-expressing cells, immunofluorescence staining was performed. As shown in Figure 4A , up-regulations of HER2 were detected in HER2 WT cells and the mutantexpressing cells when compared with the control group. However, there were no significant differences in the expression of HER2 between the HER2 WT cells and the mutant-expressing cells.
To test the interactions between trastuzumab and HER2, immune-precipitates of trastuzumab were detected by the anti-HER2 antibody (as shown in Figure 4B ). Immuno-reactive signals of HER2 and trastuzumab were clearly detected in the immune-precipitates of anti-HER2. When compared with the control group, the immune-reactive signals of the mutant-expressing cells and the HER2 WT cells were much stronger. In addition, there were no significant differences between the mutant-expressing MCF7 cells and the HER2 WT cells.
The mutation of HER2 weakened the inhibition of trastuzumab in the PI3K/ AKT pathway HER2 is involved in the oncogenic activations of numerous signaling pathways, like the PI3K pathways and the MAPK pathways. 16, 17 Western blot analysis was performed to analyze the roles of HER2 on the expressions of PI3K/AKT signaling pathway key proteins in MCF7 cells with incubation trastuzumab. When compared with the control group, the expression of HER3 and AKT stayed the same in the HER2 WT cells and the mutant-expressing cells following the treatment of trastuzumab for 24 hrs (as shown in Figure 5A ). The expression of HER2, PTEN and P27 K1P1 was up-regulated.
The expression of PI3K, p-AKT and mTOR was inhibited when compared with the control group. Furthermore, the mutant-expressing cells showed a decreased expression of PTEN and P27 K1P1 and an increased expression of PI3K, p-AKT and mTOR when compared with the HER2 WT cells following the treatment of trastuzumab for 24 hrs. Previous reports demonstrated that trastuzumab can inhibit the MAPKand PI3K-pathways for cell lines overexpressing HER2, but not on HER2-overexpressing cancers that have received preoperative treatments as a monotherapy. 18 In this study, PI3K
pathways were inhibited by trastuzumab in HER2 WT cells, but not in the mutant-expressing cells. These results revealed that the mutation of HER2 might have changed the PI3K/ AKT cascade signal transmission, which might weaken the inhibition of trastuzumab in the PI3K/AKT pathway.
The inhibition of PI3K/AKT signaling increases the trastuzumab sensitivity of HER2-mutant MCF7 cells
In the previous studies, 19 the trastuzumab-resistant NCI-N87/TR cells were treated with a PI3K inhibitor (LY294002). Western blotting showed that when the cells were co-treated with LY294002 and trastuzumab, there was no difference between the HER2 WT cells and the HER2-mutant MCF7 cells with the expression of HER3, AKT, HER2, PTEN, P27K1P1, p-AKT and mTOR (as shown in Figure 5B ). When compared with the trastuzumab alone, the regulations of PTEN and P27 K1P1 were optimized. These results revealed that trastuzumab in combination with LY294002 re-regulated the PI3K/AKT signaling pathway of the HER2-mutant MCF7 cells, and increased the sensitivity to trastuzumab.
To further confirm the sensitivity caused by the combination treatment, the CCK8 assay was performed to determine the cell viability. As shown in Figure 5C -F, the HER2 WT cells were more sensitive when treated with trastuzumab (1 μg/mL) and lapatinib (1 μmol/L), trastuzumab (1 μg/mL) and dasatinib (10 μmol/L), trastuzumab (1 μg/mL) and LY294002 (10 μmol/L).
Discussion
HER2 is over-expressed widely in breast cancers. ErbB2 over-expressions are identified in around 25-30% of human breast cancers, and are closely related to the tumorigenesis, cancer progressions and poor prognoses. 20, 21 Trastuzumab is a recombinant antibody that has been approved by the FDA for the treatment of HER2-positive breast cancers. 8 Although it has substantially improved the outcomes of patients with ErbB2-positive breast cancers, about 70% of ErbB2-amplified breast cancers do not respond to trastuzumab. 22, 23 There have been some studies that investigated the underlying mechanisms of trastuzumab-resistance. According to Pohlmann et al's review, mechanisms for resistance are grouped into 4 main categories: a) Obstacles preventing trastuzumab binding to HER2; b) Upregulation of HER2 downstream signaling pathways; c) Signaling through alternate pathways; and d) Failure to trigger an immune-mediated mechanism to destroy tumor cells. 24 In Luque-Cabal et al.'s study, the phosphatidylinositol 3'-kinase/protein kinase B/mammalian target of rapamycin pathway, cross-talk with estrogen receptors, immune response, cell cycle control mechanisms, and other tyrosine kinase receptors such as insulin-like growth factor I receptor are potential pathways involved in trastuzumab resistance. 25 Gajria et al highlighted putative models of trastuzumabresistance, including activation of the downstream PI3K-signaling pathway, accumulation of a constitutively active form of HER2, and crosstalk of HER2 with other growth factor receptors. The identification of these specific mechanisms of trastuzumab resistance has provided a rationale for the development of several novel HER2-targeted agents as the mechanisms have largely suggested a continued tumor dependence on HER2 signaling. 26 Additionally, Different therapeutic interventions targeting these pathways are currently under evaluation. In Bose et al's study, 13 HER2 mutations were functionally characterized using in vitro kinase assays, protein structure analysis, cell culture, and xenograft experiments. 27 The majority of HER2 somatic mutations in breast cancer patients are activating mutations that likely drive tumorigenesis. Some patients had mutations that are resistant to the reversible HER2 inhibitor lapatinib, but are sensitive to the irreversible HER2 inhibitor, neratinib. Their results suggest that patients with HER2 mutation-positive breast cancers could benefit from existing HER2-targeted drugs. 27 Despite these, the exact mode of action of trastuzumab remains partly elucidated, and several studies have suggested that the inhibition of oncogenic signaling may not be the main mode of action, 28 particularly when trastuzumab is administered alone for chemotherapy-naïve patients. 29, 30 Thus, there is an urgent need to investigate the mechanisms of trastuzumab resistance and to develop new strategies to circumvent the trastuzumab resistance. The purpose of the present study is to evaluate the sensitivity of the HER2 mutated cancer cell lines to the drug trastuzumab. Trastuzumab responsiveness was evaluated in breast cancer cell lines by treating the HER2 mutant and WT cell lines with trastuzumab followed by a proliferation assay. Consistent with a previous report, 31 
Figure 4
The mutation of HER2 almost had no influence on the expression of HER2 and the interaction of HER2 and trastuzumab. (A) The expression of HER2 (red) was examined by immunofluorescence analysis with a confocal microscope. Up-regulations of HER2 were detected in HER2 WT cells and the mutant-expressing cells when compared with the control group. However, there were no significant differences in the expression of HER2 between the HER2 WT cells and the mutant-expressing cells. DAPI, a blue tint to the nucleus. The photographs were taken at a magnification of x200. (B) Co-immunoprecipitation (IP) was carried out to confirm the physical interaction of HER2 and trastuzumab. Immuno-reactive signals of HER2 and trastuzumab were clearly detected in the immune-precipitates of anti-HER2. The cell lysate was immunoprecipitated and subjected to Western blot to detect HER2. The representative result is shown from three repeats with a similar pattern.
the mutant MCF7 cells were less sensitive to trastuzumab than the WTMCF7 cells in the CCK8 assay and the cytometry analysis. The Transwell invasion assay also showed that the mutant MCF7 cells exhibited resistance. These results indicated that HER2 played an important part in the resistance to trastuzumab. To explore the mechanisms of trastuzumab resistance, we firstly examined the expressions of the HER2 and the interactions between trastuzumab and HER2. It turned out that there were no significant differences between the mutant-expressing MCF7 cells and the HER2 WT cells.
Recent researches have focused on the abnormalities involved in the mechanisms of trastuzumab resistance. Hyperactivated PI3K pathway is such an important abnormality, which exists in over 70% of breast cancers. 32 Berns et al showed that ectopic expressions of either WT or oncogenic mutant PIK3CA led to a trastuzumab resistance phenotype. 7 Nagata et al demonstrated that PI3
kinase inhibitors restored trastuzumab sensitivity in PTEN-deficient cells. 33 Therefore, the PI3K/AKT pathway was then evaluated to find out that the regulation of the PI3K/AKT pathway was weakened in the HER2-mutant MCF7 cells. These results revealed that the mutation of HER2 might have changed the PI3K/AKT cascade signal transmission, which weakened the inhibition of trastuzumab in the PI3K/AKT pathway. A typical PI3K inhibitor LY294002 was also used to confirm the roles of HER2 in the trastuzumab resistance and to restrain the activity of PI3K/Akt. LY294002, transformed from quercetins, is a typical PI3K inhibitor. The inhibitor of targeted PI3K's catalytic subunit p110 can effectively restrain the growth of tumor cells in vivo and in vitro, block the PI3K/Akt signaling pathway upstream in a non-specific way, and thereby induce tumor cell apoptosis. 34 Our results showed that trastuzumab in combination with LY294002 re-regulated the PI3K/AKT signaling pathway of the HER2-mutant MCF7 cells, and increased the sensitivity to trastuzumab. Several drugs against PI3K, mTOR, and AKT, such as Everolimus, are in clinical development. Moreover, the mechanism of trastuzumab resistance is relatively complex. Several other hypotheses have been raised: the loss of PTEN, activation of alternative pathways, expression of ligands of the EGFR family and receptor masking or epitope inaccessibility. 10 PI3K/Akt signaling pathway and continuous activation state of p-Akt are just two important target spots for drug resistance of trastuzumab, which need to be further investigated in future experiments. Our study has some limitations. Firstly, we only used one single cell line to assess the mechanisms of resistance caused by the mutations. We did not conduct other sets of experiments in another cell line. We understand that our results would be more convincing if their findings could be replicated in a panel of cell lines with different hormone receptor statuses. However, in the present study, we mainly focused on the Her-2-related resistance using the MCF7 cell line which is a commonly used breast cancer cell line that has been promoted for >40 years by multiple research groups and has been considered the most representative, and we think that should be sufficient to draw a conclusion to some degree. Of course, in our other unpublished studies, we also used SK-BR-3, a breast cancer cell line isolated by the Memorial Sloan-Kettering Cancer Center in 1970 that is used in studies seeking to overcome trastuzumab resistance to HER2-overexpressing breast cancers. Secondly, we used the Western blot to prove that when compared with the control group, the expression of HER3 and AKT stayed the same in the HER2 WT cells and the mutant-expressing cells following treatment with trastuzumab for 24 hrs ( Figure 5A and so does Figure 5B ). We understand that the densitometry may better reveal this finding. However, in the present study, we mainly focused on protein expression differences, and we think that although a Western blot experiment may not be optimal, it should be sufficient to draw a conclusion. Also, when we explored if the HER2 WT cells were more sensitive when treated with trastuzumab and lapatinib, trastuzumab and dasatinib, trastuzumab and LY294002, we only choose the most commonly used drug concentrations ( Figure 5C-F) . Although we understand that setting a range of different concentrations may be more comprehensive, in the present study, we mainly focused on the sensitivity rather than determining an optimal concentration. The concentrationcomparing work is also under investigation in our laboratory. Unfortunately, results are unavailable at this point. Similarly, the mechanism of cancer cell death induced by trastuzumab was performed only using Annexin V method rather than further TUNEL assay and PI staining, and a cell cycle arrest was not conducted in the situation that increase of the trastuzumab-sensitivity of HER2-mutant MCF7 cells by the inhibition of PI3K/AKT signaling pathway in HER2-mutant MCF7 cells was obtained. We have already started broadening the cell biological methods and molecular biological strategies, and hope these results could be presented in our next article in the near feature. Thirdly, despite considering very specific MCF7 mutations, the PI3K/Akt/mTOR pathway has been already demonstrated to be implicated in trastuzumab resistance in HER2-overexpressing breast cancer. Also, preclinical studies have indicated that inhibitors of this pathway can act synergistically with trastuzumab in resistant cells. [24] [25] [26] Seeing this, we have already been broadening the experimental settings including using the xenograft mouse models of breast cancer which transplanted Her-2 mutation cell lines in vivo to improve the research significance. What is novel about this present research is that the HER2 WT and HER2 mutant MCF7 cell models were established, and the characteristics of each kind of cell lines were analyzed. The mechanism was investigated from the perspective of HER2 mutation.
Conclusions
Taken together, our findings showed that dysregulation of the PI3K-AKT signaling pathway was one of the major mechanisms leading to the resistance to trastuzumab in HER2 mutant breast cancer cells. Our study provides a theoretical basis for further improving the effect of trastuzumab targeted breast cancer treatment.
Abbreviation list
HER2, human epidermal growth factor receptor 2; PI3K, phosphatidylinositol 3-kinase; WT, wild type; MAPK, mitogen-activated protein kinase; ErbB2, receptor tyrosine-protein kinase.
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